A miscellaneous of 86 beers was characterized by non-destructive, fast and reagent-free optical measurements. Diffuselight absorption spectroscopy performed in the visible and near-infrared bands was used to gather a turbidity-free spectroscopic information. Also, conventional turbidity and refractive index measurements were added for completing the optical characterization. The near-infrared spectra provided a straightforward turbidity-free assessment of the alcoholic strength. Then, the entire optical data set was processed by means of multivariate analysis looking for a beer clustering according to the own character and identity. Good results were achieved, indicating that optical methods can be successfully used for beer authentication.
VARIETIES OF BEERS
Beer is the third most often consumed drink worldwide, after water and tea, and the first most widely consumed alcoholic beverage. Roughly speaking, it is a fermented beverage without distillation, where a starch source made of malted barley and wheat is converted by hot water into a sugary liquid which undergoes a fermentation process caused by added yeast. Many types of beers are brewed depending on the producer, whether multinational companies or small producers like brewpubs or regional micro-breweries with a limited production of artisanal beers 1, 2 .
Beers are mainly discriminated according to color and fermentation process. The color is determined by the drying or roasting process of malt, being the darker beers obtained by means of longer roasted malts, although sometimes other colorants such as caramel are added for adjusting the desired shade. Then, depending on the yeast used and the temperature of fermentation, three main beer categories can be identified: top-fermented, bottom-fermented, and naturally-fermented, respectively. Top-fermented beers, also called "Ale", are produced by adding saccharomyces cerevisiae yeast in the 15°-24°C temperature range, and offer a fruity flavored aroma. Bottom-fermented beers, also called "Lager", are produced by adding saccharomyces uvarum (or pastorianus) at cooler temperatures, between 7° and 12°C; the lower temperature inhibits the production of esters and other by-products, giving a cleaner-tasting beer. Naturally-fermented beers, which are produced only in Belgium and are commonly called "Lambic", make use of wild yeasts rather than cultivated. The entirely natural process provides a peculiar aroma and sourness.
Quality differentiation of beers is a marketing need in order to satisfy consumers who have become more critical, more demanding and more fragmented in their food choices. The consumers' cognitive mechanisms are driven by three main cues which provided differentiating and added value concepts linked to sensory properties: the brand identity, the country of production, and a label with information about the manufacturing process 3, 4, 5, 6 .
In order to meet the authentication requirements, the present paper presents an experiment which makes use of nondestructive, fast and reagent-free optical measurements to recognize the diverse beer varieties. Diffuse-light absorption spectroscopy, performed by means of an integrating sphere in the visible and near-infrared bands, was capable of providing scattering-free absorption measurements -that is, without caring of the natural turbidity of the beer which could impair traditional absorption spectroscopy measurements. In addition to absorption spectroscopy measurements, other physical parameters were measured such as turbidity and refractive index, for completing the optical characterization of the beer collection.
A straightforward prediction of the alcoholic strength was obtained by means of the near-infrared spectra. Then, the visible and near infrared spectra, together with the turbidity and refractive index values were used to create a data matrix which was processed by means of multivariate analysis. This method was capable of classifying the beer collection according to fermentation method (Lager, Ale, Lambic), to color (Golden, Dark), and to wheat content (Weiss). In practice, a grouping according to the own character was achieved, indicating that optical technologies can be successfully used for beer authentication.
THE BEER COLLECTION
The beer collection considered in this experiment is listed in 
THE BEER MEASUREMENTS: SETUPS AND RESULTS
Unusual and more conventional setups for optical measurements were used to analyze the entire beer collection. Diffuselight absorption spectroscopy performed in the visible and near-infrared bands by means of optical fiber spectrometers was the unusual setup. A turbidimeter based on 0°-transmission and 90°-scattering measurements and an Abbe refractometer were the conventional instruments used for turbidity and refractive index measurements, respectively.
Intuitively, while diffuse-light absorption spectroscopy provided an information of color (the visible band) and alcoholic strength (the near-infrared band), turbidimetry and refractometry were related to the intrinsic sample turbidity and brix, respectively. Indeed, brix is the sugar content of an aqueous solution. It is usually measured by means of refractometry so as to track the degree of fermentation 7 .
Diffuse-light absorption spectroscopy
Diffuse-light absorption spectroscopy makes use of an integrating sphere that contains the sample under test 8, 9, 10 . The source and the detector can be butt-coupled anywhere onto the sphere. Almost all the light shining on the sphere surface is diffusely reflected, and the introduction of an absorbing sample in the cavity causes a reduction of the radiance in the sphere which is independent of other scattering effects induced by supended particles in the sample. This technique was successfully used for a scattering-free characterization of different liquids, such as lubricant oils and extra virgin olive oils 11, 12 . The setup used for beer measurements is sketched in Figure 1 . A vial containing 32ml of beer sample was inserted inside a 22cm-diameter integrating sphere which was equipped by a 100Watt halogen lamp and by two fiber optic spectrometers for detecting the visible and near-infrared diffuse-light spectra, respectively 13 . The measured bands and resolutions were: 450-800nm and 0.2nm for the visible, and 900-1200nm, and 1.7nm for the near-infrared, respectively. Optical fibers with 200μm and 50μm core diameters were used for visible and near-infrared spectroscopic measurements, respectively, so as to equalize the light intensity in the different bands. Prior to each beer measurement, the spectra of an empty vial were recorded for referencing. Figure 2 shows the results of diffuse-light absorption spectroscopy measurements. A chromatic representation of the beer collection can be achieved by computing the tri-chromatic coordinates X, Y and Z from the visible spectra of Figure 2 -right. They were referred to the measurement with the empty vial; therefore, they expressed the color-distance of the beer sample from the transparency of the vial. Figure 3 shows the result of colorimetric processing. Figure 3 -left shows the behavior of the luminance, Y, as a function of beer type. The beers were correctly positioned according to their own luminance: the darker having lower luminance (Cherry Lambic, Dark Ale, and Doppelbock) at the plot top (i.e. farther from the reference), while the lighter having higher luminance (Golden Ale, Golden Lambic, and Lager) at the plot bottom (i.e. closer to the reference). Figure 3 -right shows the x-z plot where x and z were normalized variables, used to separate the purely chromatic information from the brightness information:
The beer collection was correctly represented according to the beer color by means of a U-shape behavior, having the Golden Ale beers, lighter and less colored, at the vertex. 
Turbidity measurements
Turbidity measurements were performed by means of a commercially available compact turbidimeter (Hach, model 2100-P). The intensity of 0°-transmitted and 90°-scattered light intensities were measured, then ratioed for providing the sample turbidity in Nephelometric Turbidity Units (NTU). The instrument worked in the 0-1000 NTU range with ±2% accuracy. Figure 4 -left shows the results of turbidity measurements. Since the distribution of turbidity values was heavily right-skewed (skewness=3.8), the results are expressed in a logarithmic scale in order to achieve a more uniform spread of values and a lower skewness.
Refractive index measurements
Refractive index measurements were performed by means of a commercially-available hand-held Abbe refractometer (Atago, model R-5000), equipped by a thermometer for temperature compensation. The instrument worked in the 1.33-1.52 refractive index range with ±0.1% accuracy. Figure 4 -right shows the results of refractive index measurements. 
PREDICTING THE ALCOHOLIC CONTENT
A quality indicator of the beer is the alcoholic content. Optical spectroscopy in the near-infrared band, conventionally carried out in transmission mode by means of standard quartz cuvettes, demonstrated its effectiveness for predicting the alcoholic strength of a number of alcoholic beverages, thanks to the strong absorption of ethanol in this band 14, 15, 16 . However, since beer is a turbid medium, conventional spectroscopy could lead to misleading results because of the scattering effects which could vary with sample type. On the contrary, the innovative technique of diffuse-light absorption spectroscopy we used, made is possible a scattering-free prediction of the alcoholic content.
The Partial Least Squares regression (PLS) was applied to the near-infrared spectra of Figure 2 -right. Indeed, PLS is one of the most popular techniques for the prediction of quantitative variables in a multicomponent mixture, which is used when the predictor matrix has many collinear variables and the usual Multiple Linear Regression cannot be applied 17 . PLS looks for a limited number of PLS factors which are linear combinations of the original predictors. These new variables are mutually orthogonal (thus uncorrelated) and have the maximum possible covariance with the target variable, among all possible combinations of the original predictors.
In practice, this model allowed to predict the alcoholic content of #n beer by measuring the near-infrared diffuse-light absorption spectrum, and by using Equation 1, where:
-M = number of predicting variables -that are the wavelengths. -r m = regression coefficient of the m-wavelength, as shown in Figure 5 . -x n m = value of absorbance at m-wavelength of #n beer.
(1) Figure 5 . Regression coefficients used in Equation 1 as a function of wavelength. Figure 6 shows the results of PLS processing of near-infrared spectra for alcoholic content prediction. Figure 6 -left shows the calibration model, which considered 48 randomly sorted beers, while Figure 6 -right shows the validation model, which considered the other 38 beers. These results were achieved by means of 4 PLS factors. Table II summarizes the results of PLS processing. I7A   I11   G6  G7   G4   G5   Z1  C1B   D3B   G2B  G3B  D2B   D5   I1B  I2B  I3B   I6B   I8B   J1B   N1B   D1B I7B  I14   I15  I16  J2B J3B  M1   0  2  4  6  8 The fit is as better as this value is closer to zero; also, the calibration/validation model is as better as RMSEC and RMSEP are closer. Table II . Prediction of the alcoholic content of beer: summary of PLS regression coefficients and their meaning.
BEER CLUSTERING ACCORDING TO THEIR OWN CHARACTER
Beer clustering according to their own class was achieved by merging the experimental data which were intuitively correlated to the beer identity, i.e.: color, alcoholic strength, turbidity and refractive index.
An 86 x 6 matrix was created, by considering as peculiar information of each beer identity the following 6 variables:
1. TURB = log 10 (turbidity), 2. IND = refractive index, which is related to brix and alcoholic content,
where D 1 (λ ι ) were the first derivatives of near-infrared spectrum at the wavelengths showing the most significant regression coefficients for alcoholic content prediction (see Figure 6 ),
Then, the data matrix was processed by means of the Principal Component Analysis (PCA), which is one of the most popular methods for object classification 18 . Figure 7 shows the results obtained by means of the PCA processing of fused-data matrix, where the first two PC components were considered. The PC1-PC2 plane, which explains about 73% of total variance, discriminate quite well the Lager, Golden Ale and Dark Ale beers:
-Lager and Golden Ale beers are separated along the bisecant of II and IV quadrants. Main contribution to this splitting comes from NIR, due to the higher alcoholic content of Ales. Also TURB and IND have a strong influence. -The discrimination between Dark and Golden Ales is along the bisecant of I and III quadrants. This splitting is mainly chromatic in nature with red beers having stronger Y and weaker z and x. NIR, IND and TURB are similar to that of Golden Ales. -Weiss and Golden Lambic beers cannot be separated from Golden Ales, Indeed, Weiss and Ale beers are similar because they are top-fermented beers. Moreover, Weiss beers are never 100% wheat (wheat percentage is about 50%), and some Ale beers also contain wheat. Hence, they are made by means of similar recipes and their distinction is a matter of wheat percentage. -The "Corona" Mexican beer is a "Pale Lager" -therefore, it is correctly classified in the same area of Lager beers. 
PERSPECTIVES
A miscellaneous of 86 beers was considered. They were produced in different countries by means of different ingredients and fermentation methods. All beers were spectroscopically characterized by means of an innovative setup for diffuselight absorption spectroscopy, which provided a scattering-free spectroscopic fingerprint of beers in the visible and nearinfrared bands. In addition, standard turbidity and refractive index measurements were performed. These data were processed by means of a multivariate data analysis looking for highlighting the beer peculiarity and character.
The capability to predict the alcoholic content by means of near-infrared spectra processing was the first encouraging result achieved. This result is precursor of online continuous monitoring of the alcoholic content during fabrication, without caring about beer turbidity.
The fusion of scattering-free optical data which included a color information -that is the visible absorption spectrumtogether with turbidity and refractive index values made it possible to achieve a good clustering according to the beer own class. These preliminary results are promising: they represent a first attempt for correlating optical data to beer quality indicators addressed to authentication actions.
